The Bacillus subtilis GlnR repressor controls gene expression in response to nitrogen availability. Because all GlnR-regulated genes are expressed constitutively in mutants lacking glutamine synthetase (GS), GS is required for repression by GlnR. Feedbackinhibited GS (FBI-GS) was shown to activate GlnR DNA binding with an in vitro electophoretic mobility shift assay (EMSA). The activation of GlnR DNA binding by GS in these experiments depended on the feedback inhibitor glutamine and did not occur with mutant GS proteins defective in regulating GlnR activity in vivo. Although stable GS-GlnR-DNA ternary complexes were not observed in the EMSA experiments, cross-linking experiments showed that a protein-protein interaction occurs between GlnR and FBI-GS. This interaction was reduced in the absence of the feedback inhibitor glutamine and with mutant GS proteins. Because FBI-GS significantly reduced the dissociation rate of the GlnR-DNA complexes, the stability of these complexes is enhanced by FBI-GS. These results argue that FBI-GS acts as a chaperone that activates GlnR DNA binding through a transient protein-protein interaction that stabilizes GlnR-DNA complexes. GS was shown to control the activity of the B. subtilis nitrogen transcription factor TnrA by forming a stable complex between FBI-GS and TnrA that inhibits TnrA DNA binding. Thus, B. subtilis GS is an enzyme with dual catalytic and regulatory functions that uses distinct mechanisms to control the activity of two different transcription factors.
The Bacillus subtilis GlnR repressor controls gene expression in response to nitrogen availability. Because all GlnR-regulated genes are expressed constitutively in mutants lacking glutamine synthetase (GS), GS is required for repression by GlnR. Feedbackinhibited GS (FBI-GS) was shown to activate GlnR DNA binding with an in vitro electophoretic mobility shift assay (EMSA). The activation of GlnR DNA binding by GS in these experiments depended on the feedback inhibitor glutamine and did not occur with mutant GS proteins defective in regulating GlnR activity in vivo. Although stable GS-GlnR-DNA ternary complexes were not observed in the EMSA experiments, cross-linking experiments showed that a protein-protein interaction occurs between GlnR and FBI-GS. This interaction was reduced in the absence of the feedback inhibitor glutamine and with mutant GS proteins. Because FBI-GS significantly reduced the dissociation rate of the GlnR-DNA complexes, the stability of these complexes is enhanced by FBI-GS. These results argue that FBI-GS acts as a chaperone that activates GlnR DNA binding through a transient protein-protein interaction that stabilizes GlnR-DNA complexes. GS was shown to control the activity of the B. subtilis nitrogen transcription factor TnrA by forming a stable complex between FBI-GS and TnrA that inhibits TnrA DNA binding. Thus, B. subtilis GS is an enzyme with dual catalytic and regulatory functions that uses distinct mechanisms to control the activity of two different transcription factors.
nitrogen regulation ͉ MerR ͉ TurA G lutamine synthetase (GS) catalyzes the ATP-dependent synthesis of glutamine from glutamate and ammonium. Because glutamine is a pivotal compound in microbial nitrogen metabolism, the activity and synthesis of GS are tightly regulated to maintain sufficient levels of glutamine for growth during different nutritional conditions. To ensure optimal growth rates, the expression of genes involved in both ammonium assimilation and the catabolism of nitrogen compounds is regulated in response to environmental nitrogen availability.
In the low-GC Gram-positive bacterium Bacillus subtilis, the GlnR and TnrA transcription factors regulate gene expression in response to nitrogen availability (1) (2) (3) (4) . Both of these proteins are members of the MerR family of transcriptional regulators (2, 4) . The sequences of the amino-terminal DNA-binding domains of these two proteins are highly similar, and they have identical DNA-binding site consensus sequences (4) (5) (6) . GlnR and TnrA have little sequence similarity in their carboxyl-terminal signaltransduction domains, and they are active under different nutritional conditions (2, 4) . GlnR represses gene expression during growth with excess nitrogen, whereas TnrA regulates transcription during nitrogen-limited growth.
GS is required for gene regulation by both GlnR and TnrA because all GlnR-and TnrA-regulated genes are expressed constitutively in glnA-null mutants (3, 4, (7) (8) (9) . Although the primary and quaternary structures of the enteric and B. subtilis GS are remarkably similar (10, 11) , the activity of B. subtilis GS, but not enteric GS, is subject to feedback inhibition by glutamine (12) . The GS-dependent regulation of TnrA activity has been shown to result from the feedback-inhibited form of GS (FBI-GS), forming a protein-protein complex with TnrA that inhibits the DNA-binding activity of TnrA (13) .
The expression of the B. subtilis glnRA operon, which contains the genes encoding GlnR (glnR) and GS (glnA), is repressed during growth with excess nitrogen (2) . This dicistronic operon is found within the genomes of many low-GC Gram-positive bacteria (14) . Genetic studies indicate that both GlnR and GS are required for the repression of glnRA expression (2, 9, 15, 16) .
Previously published biochemical studies have demonstrated a small stimulation of GlnR DNA binding to glnRA promoter DNA in the presence of GS (5, 16, 17) . The biological significance of these observations is unclear because the molecular mechanisms responsible for the GS-dependent enhancement of GlnR DNA-binding activity and the transduction of the nitrogen signal to GlnR were not identified.
All known B. subtilis mutants that encode feedback-resistant GS enzymes have been shown to constitutively express the glnRA operon (18, 19, unpublished observations) . These results suggest that FBI-GS is required for GlnR-dependent repression. This would make physiological sense because GlnR represses transcription during growth with excess nitrogen, a condition where FBI-GS would be present in cells. This article describes in vitro experiments that demonstrate that FBI-GS interacts with GlnR and activates the DNA-binding activity of GlnR by stabilizing GlnR-DNA complexes.
Results

FBI-GS
Increases the in Vitro DNA-Binding Activity of GlnR. An electrophoretic mobility shift assay (EMSA) was used to examine the effect of glutamine and GS on the ability of GlnR to bind to a glnRA promoter DNA fragment. In the absence of coeffectors, the concentration of GlnR required to bind half of the glnRA DNA fragment (K 0.5 ) was found to be 77 nM (Fig. 1A) . When both glutamine and GS were present in the binding reactions, a 32-fold increase in the DNA-binding affinity of GlnR was observed ( Fig. 1C and Table 1 ). There was no significant enhancement in GlnR DNA-binding activity when glutamine or GS was added separately (Fig. 1B and Table 1 ). These results indicate that FBI-GS stimulates the ability of GlnR to bind to DNA. In contrast to previous studies that reported that GS has a small stimulatory effect on the DNA-binding activity of GlnR (5, 16, 17) , significant activation of GlnR DNA-binding activity was only observed in the presence of FBI-GS. In addition, this activation of GlnR DNA-binding activity was only observed with GlnR protein that had been purified to homogeneity (data not shown).
Previous studies have identified single amino acid substitution mutants of GS that are defective in regulating GlnR activity in vivo (18) (19) (20) . To validate the specificity of the in vitro assay, the ability of two of these mutant proteins to activate GlnR DNA binding was examined. Although the S186F and E424K substitutions result in GS proteins with wild-type enzymatic activity, S186F GS is resistant to feedback inhibition, whereas the E424K GS is sensitive to feedback inhibition. The regulatory defect with S186F GS results from its inability to bind glutamine, whereas the E424K GS contains an amino acid substitution in a residue that is required for the interaction with GlnR. As expected from their in vivo properties, these two mutant GS proteins were defective in their ability to activate the DNA-binding activity of GlnR in vitro ( Fig. 1 D and E and Table 1 ). Because little or no GS-dependent activation of GlnR DNA binding was observed in the absence of the feedback inhibitor glutamine or with mutant GS proteins defective in regulating GlnR activity in vivo, the activation of GlnR binding observed with this in vitro assay is due to a specific effect of FBI-GS, rather than from a nonspecific stabilization of GlnR by high levels of GS protein. Moreover, these results indicate that the in vitro assay accurately reflects the in vivo properties of these proteins.
FBI-GS Promotes Sequence-Specific DNA Binding by GlnR. GlnR binds cooperatively to the two operators located in the glnRA promoter ( Fig. 2A) (21, 22) . A faint intermediately shifted band is observed in the EMSA experiments and is most readily apparent when FBI-GS is present (Fig. 1C ). This middle band most likely contains GlnR bound to a single site on the DNA, whereas both sites are occupied by GlnR in the shifted band with the slowest mobility.
Mutations in either of the glnRA operators relieve GlnRdependent repression in vivo (Fig. 2 A) (22) . To confirm that the GlnR activated by FBI-GS is binding to the glnRA operator sites in vitro, glnRA DNA fragments containing mutations in each operator were analyzed with the EMSA (Fig. 2B ). Mutational inactivation of the glnRAo1 site abolished GlnR DNA binding, whereas partial binding of GlnR was observed with the DNA fragment containing the glnRAo2 mutation. These results demonstrate that FBI-GS activates sequence-specific DNA binding by GlnR. In addition, the low affinity of GlnR for the DNA 
*Each value is the mean of at least two independent determinations Ϯ SD. † ND, not determined. The EMSA was used to examine the binding of GlnR to glnRA DNA fragments. Lanes 1 and 2 contained the wild-type DNA fragment, lanes 3 and 4 contained the glnRAo2 mutation, and lanes 5 and 6 contained the glnRAo1 mutation. Lanes 2, 4, and 6 contained 32 nM GlnR, 20 mM glutamine, and 20 M GS, respectively. These components were not present in lanes 1, 3, and 5. fragment containing the glnRAo1 mutation provides in vitro evidence that GlnR binds cooperatively to the two operators.
FBI-GS Does Not Form a Stable Complex with GlnR.
No evidence for the formation of a stable ternary complex among FBI-GS, GlnR, and DNA was obtained in the EMSA experiments. GS is a large protein (M r of 600,000) that contains 12 identical subunits (10, 11) . A ternary complex among FBI-GS, GlnR, and DNA would have a significantly lower mobility than the GlnR-DNA complex in this assay. However, the shifted protein-DNA complexes formed in the presence and absence of FBI-GS have the same relative mobility (compare Fig. 1 A and C) . Because the shifted bands formed in the presence or absence of FBI-GS show a similar pattern of smearing, it is unlikely that the FBI-GS-GlnR-DNA complexes enter the gel and then dissociate during electrophoresis. If the FBI-GS-GlnR-DNA complexes formed in the binding reactions and were unable to enter the gel during electrophoresis, little or no band shifting would be observed. However, shifted bands are observed with DNA-binding reactions containing high concentrations of GlnR and FBI-GS. Moreover, comparison of the amount of radioactivity present in the shifted and unshifted bands in individual gel lanes indicated that the presence of FBI-GS in the DNA-binding reaction did not result in any significant loss in the total amount of radioactivity (data not shown). Taken together, these results argue that the GlnR-DNA complexes do not form a stable complex with FBI-GS.
Chemical Cross-Linking of GlnR and GS. Size-exclusion chromatography of GlnR revealed that the protein was a monomer. Although the calculated protomer size of GlnR is 16.7 kDa, the protein eluted from the column as a single peak with an apparent size of 14.9 kDa. This result was surprising because MerR family proteins are typically dimers (23) , and the GlnR binding site has a palindromic consensus sequence that is characteristic of DNA sites bound by dimers (Fig. 2 A) . The oligomeric state of GlnR also was investigated by chemical cross-linking with dimethyl suberimidate (DMS). After treatment with the cross-linker, samples were fractionated by SDS/PAGE and examined by Western blot analysis with anti-GlnR antiserum. Only trace amounts of cross-linked GlnR dimers could be detected in these experiments (Fig. 3A, lane 3) . Significantly higher levels of the GlnR dimers were observed when glnRA promoter DNA was included in the cross-linking reactions (Fig. 3A, lane 5) . This result indicates that GlnR bound to DNA is dimeric. The slower migrating bands seen in these samples (Fig. 3 A, lane 5 , and, B, lane 1) are most likely cross-linked GlnR trimers and tetramers. This observation suggests that a direct protein-protein interaction between GlnR dimers bound at adjacent DNA sites is involved in the cooperative binding of GlnR to the two operators in the glnRA promoter region.
The interaction between GlnR and GS also was examined in cross-linking experiments. When the reactions contained both FBI-GS and GlnR, the level of cross-linked GlnR dimers decreased, and multiple bands with low mobility appeared (Fig.  3B) . The same banding pattern of cross-linked GlnR products also was obtained when glnRA DNA was present in the reaction mixture (Fig. 3A, lane 6) . These more slowly migrating bands are most likely GlnR cross-linked to GS (subunit M r 50,000) because this banding pattern is similar to the pattern observed when anti-GS antiserum is used to analyze Western blots of GS cross-linked in the absence of GlnR (data not shown). These results are consistent with a direct interaction between FBI-GS and GlnR. Higher levels of the cross-linked GlnR-GS products were observed in the reactions where the glnRA DNA fragment was present than when the DNA was absent (compare Fig. 3A , lanes 4 and 6). Because higher levels of GlnR dimers are present when the glnRA DNA fragment is included in the reactions, these results argue that FBI-GS preferentially interacts with GlnR dimers.
Several controls were used to validate the cross-linking experiments. First, it was shown that, compared with wild-type GS, the mutant S186F and E424K GS proteins were defective in their ability to interact with GlnR (Fig. 3C, lanes 4 and 5) . In addition, it was shown that glutamine significantly enhances the interaction between GS and GlnR. Higher levels of cross-linked GlnR-GS complexes were observed in reactions that contained glutamine than in reactions that lacked glutamine (compare Fig. 3C, lanes 3  and 7) . Dissociation of the GlnR-DNA Complexes. Different molecular mechanisms could account for the activation of GlnR by FBI-GS. First of all, GlnR is predominately a monomer in solution. Because the dimer form of GlnR would presumably have a higher affinity for DNA than the monomer, it is possible that FBI-GS could activate GlnR by promoting its dimerization. This hypothesis implies that the increased affinity of GlnR for DNA in the presence of FBI-GS would be due to an increase in the association rate for the formation of the GlnR-DNA complexes. Second, it is possible that FBI-GS acts as a scaffold for the assembly of the GlnR-DNA complexes. This model also predicts that the rate for complex formation would increase. Alternatively, the observation that FBI-GS interacts with DNA-bound GlnR raises the possibility that the increase in the affinity of GlnR for DNA in the presence of FBI-GS resulted from a stabilization of the GlnR-DNA complex. According to this hypothesis, the dissociation rate of GlnR-DNA complexes in the presence of FBI-GS would be lower than that seen when FBI-GS was absent.
The EMSA was used to analyze the kinetics of the GlnR-DNA complex formation and dissociation. Unfortunately, association rates could not be determined with this assay because complex formation was complete within 30 s (L.V.W., unpublished observation). Measurement of the dissociation rates showed that the GlnR-DNA complexes have a half-time in the presence of FBI-GS that is 21-fold higher than in the presence GS, but without the feedback inhibitor glutamine (Fig. 4 and Table 1 ). The dissociation half-time when the mutant E424K GS and glutamine were present was 2-fold higher than when both GS and glutamine were absent (Fig. 4 and Table 1 ). This increased dissociation half-time with E424K GS is consistent with in vivo results, where a 2-fold regulation of glnRA expression was observed with the glnA424 mutant (20) .
These results demonstrate that the GlnR-DNA complexes are stabilized by FBI-GS. Compared with levels observed in the absence of both GS and glutamine, FBI-GS increases the DNAbinding affinity of GlnR 32-fold while decreasing the dissociation rate by 18-fold (Table 1) . Thus, the stimulation in the DNA-binding affinity occurs primarily by decreasing the dissociation rate of GlnR-DNA complexes, rather than increasing the rate of association. Moreover, these results are consistent with the cross-linking experiments that demonstrated that (i) FBI-GS did not increase in the level of free GlnR dimers and (ii) FBI-GS interacted more readily with DNA-bound GlnR than with free GlnR (Fig. 3) . Thus, the formation of stable GlnR dimers by FBI-GS does not appear to have a major role in stimulating GlnR DNA binding.
Discussion
Although previous genetic evidence indicated that the GlnRdependent repression of gene expression requires GS (2, 15, 16) , it was unclear whether GS played a direct role in this regulation or whether glnA mutants indirectly altered gene expression by changing the physiological state of the cell. The experiments presented here demonstrate that GS enhances the DNA-binding activity of GlnR through a direct interaction with FBI-GS that stabilizes GlnR-DNA complexes. The conclusion that GS directly regulates GlnR also is supported by the observation that mutants of GS that relieve GlnR repression in vivo are defective in their in vitro ability to both interact with GlnR and activate the DNA-binding activity of GlnR. Moreover, all of the mutations obtained in a genetic screen for B. subtilis mutants with high-level constitutive expression of the glnRA promoter are located in either glnR or glnA (S.H.F., unpublished results). Although this finding is consistent with the observation that FBI-GS alone is sufficient to activate GlnR in vitro, we cannot rule out the possibility that additional factors may assist in the activation or stabilization of GlnR in vivo. Nonetheless, the agreement between the in vivo and in vitro observations strongly supports the conclusion that FBI-GS directly regulates GlnR DNAbinding activity.
Although GS regulates the activity of both GlnR and TnrA by direct protein-protein interactions, there is a significant difference in the nature of these interactions. FBI-GS forms a tight complex with TnrA that can be detected by native gel electrophoresis or his-tag pulldown experiments (13) . In contrast, GlnR and FBI-GS have a weak or transient interaction that could only be demonstrated by chemical cross-linking. Surprisingly, all of the mutations in glnA that are defective in the regulation of TnrA also are defective in regulating GlnR (18) (19) (20) . Thus, although there is a fundamental difference in the mode of the interaction of FBI-GS with GlnR and TnrA, these genetic studies indicate that this interaction involves a common region of GS located near the glutamate substrate site (18) (19) (20) . Interestingly, comparison of the amino acid sequence of B. subtilis GS with the sequences of GS enzymes present in bacteria that lack GlnR and TnrA orthologs indicates that the region of the B. subtilis GS region involved in the interaction with GlnR and TnrA is present in all GS enzymes (L.V.W., unpublished observations). Thus, no auxiliary protein domain is involved in the regulation of TnrA and GlnR activity by B. subtilis GS.
Molecular chaperones are proteins that alter the conformation or assist in the assembly of other macromolecular structures, but they are not components of these structures when they carry out their biological function (24) . The observations reported here argue that GS functions as a chaperone when it enhances the DNA-binding activity of GlnR. First of all, GS is not a component of the GlnR-DNA complex observed in the EMSA experiments. In addition, the difference in the dissociation rates of the GlnR-DNA complexes formed in the presence and absence of FBI-GS implies that there is a difference in the structure of these complexes. The most straightforward explanation for this difference is that the interaction between FBI-GS and GlnR alters the conformation of GlnR so that the GlnR-DNA complex stability is increased. Several aspects of the activation of GlnR DNA binding by FBI-GS have an analogy with the Hsp90 chaperone. First of all, Hsp90 has been shown to stabilize the binding of several transcription factors to DNA (25) (26) (27) . In addition, unlike the GroEL/GroES and Hsp70 chaperones, which have broad specificity, GS and Hsp90 only act as chaperones for a selective set of client proteins (28) . One difference between Hsp90 and GS is that, although Hsp90 promotes a subtle conformational change in its client proteins in an ATP-dependent manner (28), ATP was not required for and did not enhance the activation of GlnR DNA binding by FBI-GS (data not shown).
In addition to acting as catalysts for chemical reactions, some metabolic enzymes also have a direct role in controlling gene expression. This regulation can occur by a variety of different mechanisms. For instance, aconitase and uracil phosphoribosyltransferase are regulatory enzymes that bind RNA (29, 30) . Proline oxidase and biotin synthetase contain separate DNAbinding domains that allow these proteins to function as transcriptional repressors (31, 32) . Dihydroxyacetone kinase and GS control gene expression by forming stable complexes with the transcription factors DhaR and TnrA, respectively (13, 33) . By acting as a chaperone to stabilize protein-DNA complexes, GS uses a different regulatory mechanism to control gene expression. Moreover, the B. subtilis GS protein is a metabolic enzyme with dual catalytic and regulatory functions that GS differentially regulates the activity of two transcriptional factors. During growth on excess nitrogen, FBI-GS activates GlnR activity through a transient protein-protein interaction, whereas TnrA DNA binding is inhibited by the formation of a stable complex between TnrA and FBI-GS. Feedback-inhibition of-GS enzymatic activity not only controls the synthesis of the nitrogen signal glutamine, but also is a key element in the transmission of the glutamine nitrogen signal to GlnR and TnrA. Thus, when nitrogen regulation evolved in the ancestor of B. subtilis, the ability of GS to alter its conformational state in response to changes in nitrogen availability was exploited to provide an economical mechanism of nitrogen signal transduction that enables GS and GlnR to autoregulate their synthesis.
Because B. subtilis does not contain an anabolic glutamate dehydrogenase, the synthesis of glutamine by GS is the only pathway for the assimilation of ammonium (14) . Although GlnR is the major regulator of glnA expression, the TnrA regulon is comprised primarily of genes required for the utilization of alternative nitrogen sources (3, 22) . Previous studies have shown that as bacterial growth becomes progressively more nitrogenrestricted, GS expression is derepressed before the pathways for the catabolism of nitrogen-containing compounds are expressed at high levels (8, 34, 35) . The observation that FBI-GS interacts less tightly with GlnR than with TnrA provides a molecular explanation for this pattern of gene regulation in B. subtilis. During growth on excess nitrogen sources, GS would primarily be feedback-inhibited and interact with both GlnR and TnrA. The resulting activation of GlnR DNA binding represses glnRA transcription, whereas TnrA is transcriptionally inactive. When nitrogen restriction reduces the levels of FBI-GS, FBI-GS would preferentially interact with TnrA, rather than with GlnR. This change would result in the relief of GlnR-dependent repression, whereas TnrA-dependent transcription would continue to be inhibited. Because little or no FBI-GS is present in cells whose growth is nitrogen-limited, GS would not interact with either GlnR or TnrA. This would result in high-level glnRA expression and allow TnrA to activate high-level expression of the genes required for utilization of alternative nitrogen sources.
Experimental Procedures
Plasmid Constructions. A gene encoding an N-terminal hexahistidine-tagged GlnR was constructed by PCR overlap extension (36) . By using chromosomal DNA as the template, the glnR coding sequence was amplified by using primers GR6HT (5Ј-GAGATGCACCACCACCACCACCACAGTGATAATATTCG-CCGCTCA) and GRH3 (5Ј-CAGTAAGCTTGCTAACGGATTAATGAAAG). The GR6HT primer contained a sequence (indicated in boldface) that added a His6-tag to GlnR. The GRH3 primer was complementary to sequences downstream of the glnR gene and contained a HindIII site (indicated in italics). DNA upstream of glnR was amplified by using primers GRECO (5Ј-TGACGAATTCGATGCTCATGTGACGGC) and GR6HB (5Ј-GTGGTGGTG-CATCTCAATTTCCTCCTTTTC). The GRECO primer was complementary to sequences upstream of the glnRA promoter and contained an EcoRI site (indicated in italics). The GR6HB primer contained 15 bases complementary to the GR6HT primer (indicated in boldface). The reaction products from these two amplification reactions were used as templates, along with primers GRECO and GRH3, to generate a DNA product by PCR amplification. Plasmid pGLN501 was constructed by cloning the final PCR product into the chromosomal integration vector pDG1662 (37) as an EcoRI-HindIII DNA fragment. The pGLN501 plasmid complemented a ⌬glnR mutation when integrated into the B. subtilis chromosome, indicating that His6-GlnR is functional in vivo.
To construct a His6-GlnR overexpression plasmid, the his6-glnR coding sequence was amplified by using primers GRH3 and GRX1 (5Ј-ATGCTCTA-GAAACTAAGTTAAGAAAAGGAGG) with pGLN501 DNA as the template. The GRX1 primer is complementary to the ribosomal binding site immediately upstream of the his6-glnR gene and contains an XbaI site (indicated in italics). Plasmid pGLN601 was built by cloning the PCR product into plasmid pET27b(ϩ) (Novagen) as an XbaI-HindIII DNA fragment. Fisher and Wray 
